combined dynamic interaction between different cytoskeleton and plasma membrane components can be described by a simple energy term that can be measured by separating the plasma membrane from the underlying cytoskeleton using optical tweezers or other methods the link between PIP2 and cytoskeletal-membrane adReceptor stimuli that hydrolyze PIP2 lowered adhesion hesion energy by manipulating plasma membrane PIP2 energy, a process that could be mimicked by expressconcentrations and by measuring adhesion energy using PH domains that sequester PIP2 or by targeting ing tether force measurements with optical tweezers. a 5-PIP2-phosphatase to the plasma membrane to selectively lower plasma membrane PIP2 concentraResults and Discussion tion. Our study suggests that plasma membrane PIP2 controls dynamic membrane functions and cell shape Expression of a PIP2-Specific PH Domain Decreases by locally increasing and decreasing the adhesion beCytoskeletal-Plasma Membrane Adhesion tween the actin-based cortical cytoskeleton and the The PIP2 dependence of the interactions between the plasma membrane.
(see Experimental Procedures). This measured adhe-
GFP-PH(Akt) domain, which binds PI(3,4)P 2 , had no effect (Franke et al., 1997; Isakoff et al., 1998). Since PH sion energy was not dependent on whether beads were coated with either IgG, IgM, or ConA ( Figure 1E ). Simidomain expression may change levels of PIP2, this may consequently alter baseline calcium or DAG concentralarly, fibroblasts plated on glass, laminin, or polylysine had the same plasma membrane to cytoskeleton adhetions. Therefore, we tested the effect of calcium and DAG on adhesion energy. Addition of phorbolester, diacsion energy (data not shown).
We investigated the cellular roles of PIP2 by expressylglycerol (DiC8), thapsigargin, and a combination of phorbolester and thapsigargin showed only a small reing pleckstrin homology (PH) domains that specifically sequester PIP2 (Stauffer et al., 1998) . From several PIP2-duction in adhesion energy. This suggests that the marked reduction in adhesion energy by PH(PLC␦) does binding PH domains that we tested (PH domains from PLC␥, PLC␦, and pleckstrin; data not shown), the green not result from a change in the baseline DAG or calcium concentration ( Figure 2C ) but rather from a reduction of fluorescent protein (GFP)-tagged PH domain from phospholipase C ␦ (PLC␦) showed the highest ratio of plasma available PIP2. membrane to cytosolic localized GFP-PH (Figure 2A ). This suggests that the PH domain from PLC␦ has a high Expression of Plasma Membrane Targeted 5-Specific PIP2 Phosphatase Decreases Adhesion Energy in vivo binding affinity for plasma membrane PIP2. As expected, a control construct with Lys30Asn and Lys32Asn
While the experiments with the expressed PH domain show that sequestration of plasma membrane PIP2 lipmutations (GFP-PH*) that prevented PIP2-binding in vitro showed no plasma membrane localization (Figids by GFP-PH(PLC␦) lowers adhesion energy, we tested the connection between PIP2 concentration and adheure 2B).
Expression of the PIP2-sequestering GFP-PH(PLC␦) sion energy more directly by using an enzymatic approach. Our strategy was to target a PIP2-specific 5Ј-phosconstruct dramatically reduced the adhesion energy ( Figure 2C ). In control measurements, the adhesion enphatase to the plasma membrane to selectively reduce plasma membrane PIP2 concentration but not other inergy was the same in cells expressing GFP or GFP-PH*(PLC␦). Furthermore, the reduction in adhesion entracellular pools of PIP2 or other plasma membrane phosphatidylinositol phosphates ( Figure 3A) . We achieved ergy was specific for PI(4,5)P 2 over PI(3,4)P 2 , since a Figure 3D ). The only small elevation of PI(4)P suggests that its concentration PI, -PI(3)P, -PI(4)P, -PI(3,5)P 2 , and -PI(4,5)P 2 , as well as several D-5 phosphorylated inositol polyphosphates.
is tightly regulated by a PI(4)P hydrolyzing phosphatase. When the same construct was expressed in NIH-3T3 Mixed bilayer or micellar (inclusion of triton) lipid substrates were incubated with recombinant Inp54p for 30 fibroblasts, adhesion energy was markedly reduced ( Figure 3E ). As a control, a GFP with a conjugated myrismin, after which reactants were deacylated and the resulting glycerol phosphoinositols (groPIs) were analyzed toylation/palmitoylation sequence did not affect adhesion energy ( Figure 3E ). Together with the reduced adheby HPLC. Comparison of control (top panel) versus enzyme-treated groPIs from micellar substrate reactions sion energy in cells expressing the PIP2 sequestering PH domain, this finding strongly supports the hypotheshows a depletion of PI(4,5)P 2 and a corresponding increase in the PI(4)P product ( Figure 3C ). Additionally, sis that PIP2 concentration regulates adhesion energy. mented with 10% fetal bovine serum (GIBCO), 100 units/ml penicillin estimated by measuring a tether diameter of ‫43.0ف‬ m and a force of 2.5 pN in blebs of NIH-3T3 fibroblasts using a relationship previously and 100 mg/ml streptomycin, and 7.5 mM HEPES at 37ЊC in 5% CO 2 . Cells were removed from tissue culture flasks by brief treatment derived (Waugh and Hochmuth, 1987): (6) B ϭ F · R/[2]. with trypsin-EDTA (GIBCO), and plated onto glass coverslips. Proteins were expressed in NIH-3T3 cells, visualized by confocal laser Fibroblasts with blebs were used for these studies, since the diameters of tethers pulled from blebs were large enough to be scanning microscopy (LSM 410, Zeiss, Inc., Thornwood, NY) or by a video-enhanced differential interference contrast (DIC) microscope measured by light microscopy. equipped with laser optical tweezers (Choquet et al., 1997) .
For the comparison of GFP expression and actin polymerization, Acknowledgments NIH-3T3 cells were cultured on glass coverslips and transfected with GFP fusion construct using LipofectAMINE (Life Technology) 
